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x ¼ 0, 0.5, 1)†
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Combining experimental and theoretical studies, we investigate the role of R-site (R¼ Y, Sm, Bi) element on

the phase formation and thermal stability of R2(Mn1�xFex)4O10�d (x ¼ 0, 0.5, 1) mullite-type oxides. Our

results show a distinct R-site dependent phase behavior for mullite-type oxides as Fe is substituted for

Mn: 100% mullite-type phase was formed in (Y, Sm, Bi)2Mn4O10; 55% and 18% of (Y, Sm)2Mn2Fe2O10�d

was found when R ¼ Y and Sm, respectively, for equal Fe and Mn molar concentrations in the reactants,

whereas Bi formed 54% O10- and 42% O9-mixed mullite-type phases. Furthermore, when the reactants

contain 100% Fe, no mullite-type phase was formed for R ¼ Y and Sm, but a sub-group transition to

Bi2Fe4O9 O9-phase was found for R ¼ Bi. Thermogravimetric analysis and density functional theory

(DFT) calculation results show a decreasing thermal stability in O10-type structure with increasing Fe

incorporation; for example, the decomposition temperature is 1142 K for Bi2Mn2Fe2O10�d vs. 1217 K for

Bi2Mn4O10. On the other hand, Bi2Fe4O9 O9-type structure is found to be thermally stable up to 1227 K.

These findings are explained by electronic structure calculations: (1) as Fe concentration increases,

Jahn–Teller distortion results in mid band-gap empty states from unstable Fe4+ occupied octahedra,

which is responsible for the decrease in O10 structure stability; (2) the directional sp orbital hybridization

unique to Bi effectively stabilizes the mullite-type structure as Fe replaces Mn.
1. Introduction

Functional materials based on transition metal oxides with
mullite-type crystalline structure, R2M4O10�d (R ¼ Y, rare-earth
or Bi; M¼ transition metal), have gained much attention due to
their interesting magnetic and multiferroic properties.1,2

Recently, these compounds show great promise in energy
applications, e.g. in solid oxide fuel cells,3 as photocatalysts,4

and NOx oxidation catalysts,5–7 and are considered as a potential
alternative to platinum group metals. R2M4O10�d adopts the
orthorhombic crystal structure of space group Pbam and
ineering, University of Texas at Dallas,

utdallas.edu

istry, University of Texas at Dallas,

eering, Seoul National University, Seoul

(ESI) available: Crystal structure of
veld renement plots, mullite phase
lattice parameters, density of states

ensity of states Bi2Mn4O9 (O9) and
pattern of Y2Mn2Fe2O10�d. See DOI:
consists of innite chains of edge-sharing MO6 octahedra along
the c-direction (Fig. S1, ESI†). The structure can be classied
according to two sub-groups depending on the oxygen
concentration: R2Mn4O10 (O10) and R2M4O9 (O9). The two sub-
groups differ in the MOx (4h Wyckoff site) units that link the
MO6 (4f Wyckoff site) octahedral chains: edge-shared distorted
MO5 square pyramid in the O10-type (Fig. S1b, ESI†) or vertex-
sharing MO4 tetrahedra along the ab-direction in the O9-type
(Fig. S1c, ESI†). The R atoms, which are in 3+ oxidation state,
are located in the structural channels running parallel along the
c-axis (Fig. S1a, ESI†).8–12 It is clear that the transition metal (M)
atoms, which occupy both the 4f- and 4h-Wyckoff sites, will
strongly affect the structure formation and stability;10,12

however, the role of R-site elements is less obvious.
Mn–Fe mullite-type oxides have been studied owing to their

interesting magnetic behavior. As the ionic radii of Fe3+ and
Mn3+ are similar, substituting Mn with Fe should not cause
much lattice distortion.12–19 However, because Fe4+ exhibits
strong Jahn–Teller distortion and causes structure instability,
sub-group transition from R2Mn4O10 O10-type to R2Fe4O9 O9-
type is expected. Curiously, experimental studies reported
such a sub-group transition in R ¼ Bi Mn–Fe compounds,12,19

but only the O10-type structure has been observed when R ¼ Y
This journal is © The Royal Society of Chemistry 2018
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or rare earth elements.13–18 In addition, except for Bi, no pure
R2Mn2Fe2O10 mullite-type phase has been successfully synthe-
sized with other R-site elements; impurity phases correspond-
ing to perovskite or binary oxides or both are found in these
compounds upon calcination at high temperatures and under
high oxygen pressure.13–17 Moreover, there are signicant
differences and conicting reports on the maximum Fe
concentration that supports the structure stability in Fe–Mn
mullites.12,19 Published literature reported the experimental
observation, but lacked the fundamental understanding on the
role of R-site elements on mullite-type phase formation and
stability or why Bi compounds forms the stable mullite-type
structure for all Mn–Fe compositions.

While R-site elements are trivalent, their electronic structure
can differ signicantly. Here, we carry out combined experi-
mental and theoretical studies to understand the role of R-site
elements on phase formation and thermal stability of
R2(Mn1�xFex)4O10�d (R ¼ Y, Sm, and Bi; x ¼ 0, 0.5, 1)
compounds. The three R-site elements are chosen because Y3+

has a closed shell, Sm3+ representing a lanthanide analogue
with unpaired electrons, and Bi3+ with sp3 hybridization. These
compounds were synthesized by co-precipitation-calcination
method. The crystalline phases were characterized using X-ray
diffraction (XRD) and structure renement was carried out by
Rietveld method. The oxidation states of R, Mn, and Fe were
determined by X-ray photoelectron spectroscopy (XPS). The
thermal stability and phase transformation during decomposi-
tion was studied by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). To explain the differ-
ences observed experimentally, we performed density functional
theory (DFT) calculations with energy correction methodology
previously employed to calculate the thermal stability of
different R2Mn4O10 compounds.20 In addition, electronic struc-
tures were investigated to explain the R-site dependence as
a function of Fe substitution. The insight gained through such
combined experimental and theoretical studies will advance the
design of mullite-type oxides with desired properties.

2. Experimental methods
2.1. Synthesis and characterization

R2Mn4O10 (R : Mn ¼ 1 : 2), R2Mn2Fe2O10�d (R : Mn : Fe ¼
1 : 1 : 1), and R2Fe4O9 (R : Fe ¼ 1 : 2) were synthesized using
analytical grade R(NO3)3$6H2O, Mn(CH3CO2)2$4H2O, and
Fe(NO3)3$9H2O precursors by co-precipitation method.21 The
precipitate obtained was then ltered and dried at 378 K over-
night. The dried samples were ground and calcined at 773 K for
8 h in air to eliminate organic materials, followed by a second
calcination step at high temperatures. For 100% Mn
compounds, the calcination was carried out at 1373 K, 1273 K,
and 1073 K for Y, Sm, and Bi, respectively, in air to obtain single-
phase materials. For 50% Fe/50%Mn and 100% Fe samples, the
calcination was carried out at 1073 K in air. This temperature
was chosen to obtain mullite-type phase in all three R-site
compounds. For Bi compounds, temperatures higher than
1073 K are too close to their decomposition temperatures; for Y
or Sm compounds, the mullite-type phase cannot form below
This journal is © The Royal Society of Chemistry 2018
1073 K. Thus, to get a meaningful comparison, synthesis
conditions were kept constant.

X-ray diffraction data were collected two ways. First, the
crystalline phases of the reaction products were characterized
using powder Rigaku Ultima III X-ray diffractometer equipped
with Ni-ltered Cu Ka1,2 radiations (lKa1 ¼ 0.15406 nm, lKa2 ¼
0.15444 nm).22 The patterns were collected over a 2q range from
20� to 60� with a step size of 0.02� and a scan speed of 0.2�

per min. The measured diffraction patterns were compared to
the powder diffraction les to identify the crystalline phases. To
obtain accurate phase compositions and lattice parameters,
X-ray powder diffraction data were also collected with a Bruker
D8 Advance powder diffractometer operating at 40 kV/30 mA
equipped with a LYNXEYE XE detector and a Cu Ka
source (lKa1 ¼ 0.15406 nm, lKa2 ¼ 0.15444 nm) with a 0.06 mm
incident beam and a 5.0 mm receiving slit with a Ni lter.
Ground polycrystalline powders were placed on a low-
background holder. X-ray diffraction data were collected
over a 2q range from 10� to 80� with a step size of 0.02� and an
exposure time of 2 s rotating at ve rotations per minute. The
crystalline phases were rst identied by comparing with re-
ported crystal structure. Multi-phase Rietveld renement was
performed using DIFFRAC PLUS TOPAS 4.2 (Bruker AXS,
Karlsruhe, Germany). For the Rietveld model, lKa1 ¼
0.15406 nm wavelength was used.

X-ray photoelectron spectra were measured using a PHI5000
Versa Probe II (Physical Electronics Inc.) using a mono-
chromatic Al Ka X-ray source (1486.6 eV). Peak tting was per-
formed using Multipak soware as reported in our previous
work.21 The estimated error in binding energy measurements is
� 0.01 eV.

To measure the decomposition temperature, TGA and DSC
measurements were carried out at a heating rate of 2 K min�1

from room temperature to 1273–1473 K in air (Q600, TA
Instruments). To study the phase changes observed in the TGA-
DSC measurements and to identify the crystalline phases of the
decomposed products, we simulated the reactions by heating
a different aliquot of the same sample in a muffle furnace (KSL-
1100X, MTI Corporation) to obtain enough decomposed mate-
rial for XRD measurements.

3. Theoretical methodology

Density functional theory (DFT) with the spin-polarized gener-
alized gradient approximation (GGA) embedded in Vienna ab
initio simulation package (VASP) was employed.23–26 The plane-
wave basis based projector augmented-wave pseudopotentials
were used in the calculation. The valence-electron congura-
tions used in the pseudopotentials are as follows: 4s24p64d15s2

for Y, 5s25p64f16s2 for Sm, 5d106s26p3 for Bi, 3p63d54s2 for Mn,
3d64s2 for Fe, and 2s22p4 for O. To achieve a better description
of the systems' total energy and electronic structures, GGA + U
method23,24 and hybrid DFT with Heyd–Scuseria–Ernzerhof
approach (HSE06)27 were applied. All structures in our calcula-
tions were relaxed until a force convergence criterion of 0.001 eV
nm�1 was fullled. High 450 eV energy cut-off and a Mon-
khorst–pack k-space sampling mesh with a density of 0.003
RSC Adv., 2018, 8, 28–37 | 29
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Fig. 1 XRD patterns of (a) R ¼ Y and (b) R ¼ Sm for 100% Mn (black),
50% Fe/50% Mn (red), and 100% Fe (blue). Purple inverted triangles
represent the two most intense reflections (121) and (211) of the
mullite-type phase and green dumbbell represents the secondary
phases.
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nm�1 (GGA + U) or 0.01 nm�1 (HSE06) for each direction was
used to assure an accurate total energy for all the simulated
systems. Furthermore, to determine the most likely magnetic
state, the structures were relaxed with consideration of all
possible spin states. The mullite structure was found to be most
stable in a high-spin ferromagnetic state aer relaxation. All
results shown below are performed in this spin state.

Formation enthalpy calculated by the GGA or GGA + U
method still includes signicant errors.28 Therefore, we used
corrections on the total energies to improve the accuracy of the
ternary compounds' formation enthalpies. Eqn (1) has been
used to make the corrections in our calculations.

DHRMO ¼ EGGAþU
RMO �

 X
i˛M

niDEi þ
X
i˛ z

niEi

!
(1)

where EGGA+URMO is the DFT calculated total energy from GGA + U
method, ni is the number of atom species i in the structure, z
denotes to all of elements in the calculated compound, M
represents the transition metal elements of the U value, and Ei
contributes to the pure element energy per atom calculated by
GGAmethod, i.e. themetallic form of Bi, Sm, Y,Mn, Fe or oxygen
molecule, O2. Energy adjustment DEi was introduced to correct
for the inconsistency between the GGA and GGA + U methods
following the procedure proposed by Jain et al.26 Tomaintain the
self-consistency within the simulation, energy adjustments (DEi)
and effective interaction parameters (Ueff ¼ U � J) were calcu-
lated (Table S1, ESI†). The formation enthalpy calculated
through this method is at 0 K. Here, conguration differences
brought about from zero-point effects are not considered,
making this calculation an approximation. However, such
contributions have been considered negligible in
previous studies.29,30 To predict the thermal stability of the
R2(Mn1�xFex)4O10�d compounds, we calculated the temperature
of the decomposition as detailed in our previous work.20
4. Results and discussion
4.1. Mullite-type phase formation with Fe substitution

4.1.1. R ¼ Y, Sm. We rst present experimental results of Y
and Sm compounds made with three different transition metal
compositions: 100% Mn, equal Fe and Mn (50% Fe/50% Mn),
and 100% Fe. The multi-phase Rietveld renement was carried
out to determine the phase purity. For the 100% Mn
compounds, the crystalline reections of both R ¼ Y (Fig. 1a,
black) and Sm (Fig. 1b, black) corresponds to mullite phase
(O10), indicating the formation of Y2Mn4O10 and Sm2Mn4O10

with an orthorhombic unit cell, respectively.20 Both samples are
phase-pure with no additional reections in the XRD patterns.20

With equal molar concentrations of Fe and Mn in the reactants,
the XRD pattern of R ¼ Y sample (Fig. 1a, red) shows the
characteristic (121) and (211) reections (purple inverted
triangles) of the mullite-type phase. However, there are addi-
tional reections (green dumbbell) indicating the presence of
impure phases in the sample. The phase composition obtained
from the Rietveld renement (Fig. S2a & Table S2, ESI†) indi-
cates that the sample consists of 55% O10 mullite-type phase14
30 | RSC Adv., 2018, 8, 28–37
while the weak reections correspond to the presence of
YFeO3

31 (21%), Mn2O3 (16%), and YMnO3
32 (7%) impure pha-

ses, respectively. For R¼ Sm, the XRD pattern (Fig. 1b, red) does
show weak reections corresponding to the mullite-type phase
(purple inverted triangles), however, the phase purity is only
18%. The primary phases are found to be SmFeO3 (47%) and
Mn2O3 (35%), respectively (Fig. S2c & Table S2, ESI†). Munoz
et al. reported the presence of perovskite impurity phase in their
Y2Mn2Fe2O10 compound, but found that the mullite phase
purity can be increased by annealing at 1173 K for 12 h under
high oxygen pressure of 200 bar.14 Thus, one possibility for the
presence of the non-mullite-type phases in our samples is the
low oxygen partial pressure in the annealing atmosphere.
However, as previously reported, complete elimination of the
non-mullite-type phase in R2Mn2Fe2O10 compounds is not
possible for R ¼ Y, Sm, Er, Yb, and Tb, even when the thermal
treatments are carried out at high oxygen pressure or when
synthesized under mechanical milling.13–17 The lattice parame-
ters obtained from the renements for the mullite-type phase
are listed in Table S3 (ESI†).

On full replacement of Mn with Fe (100% Fe), XRD patterns
of both Y (Fig. 1a, blue) and Sm (Fig. 1b, blue) compounds show
no reections corresponding to mullite phase. The perovskite
(YFeO3 (57%) or SmFeO3 (72%)) is found to be the primary
phase, along with Y2O3 or Sm2O3, respectively, and Fe2O3

secondary phases. The rened patterns for Y (Fig. S2b†) and Sm
(Fig. S2d†) are shown in the ESI.† Thus, mullite-type phase
formation is found to be unfavorable when R ¼ Y or Sm at
higher Fe concentration.
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Experimental (solid symbols) and simulated (open symbols) unit
cell volume as a function of Fe in R2(Mn1�xFex)4O10�d for R ¼ Y (blue
circles), Sm (red squares), and Bi (black triangles) O10-type and
Bi2Fe4O9 (black diamonds) O9-type structures, respectively.
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4.1.2. R ¼ Bi. Fig. 2a shows the XRD patterns of Bi
compounds for 100% Mn, 50% Fe/50% Mn, and 100% Fe. The
XRD pattern of Bi2Mn4O10 (Fig. 2a, black) presents no addi-
tional reections indicating 100% pure mullite-type (O10)
phase with an orthorhombic unit cell.20 For 50% substitution of
Mn with Fe, the preliminary XRD pattern of Bi2Mn2Fe2O10�d

(Fig. 2a, red) shows reections corresponding to mullite-type
phase. However, the (210), (201), (002), and (202) reections
exhibit signicant broadening compared to the 100% Mn and
100% Fe samples. The XRD results are consistent with the
existence of two phases, as Rietveld renements (Fig. 2b) indi-
cates the presence of Bi2Mn2Fe2O10 O10-type (54%),9 Bi2Fe4O9

O9-type (42%),19 and Mn2O3 (4%) (detailed phase compositions
are given in Table S2, ESI†). However, since Mn and Fe are very
similar, denitive site assignments based on XRD alone are
difficult. The XRD pattern (Fig. 2a, blue) of 100% Fe corre-
sponds to Bi2Fe4O9 O9 mullite-type compound that can be
indexed to the orthorhombic unit cell.19 The mullite phase
purity from the renement (Fig. S3, ESI†) is found to be 95%
along with minor impurity phases of Bi2O3

33 (4%) and BiFeO3
34

(1%). Thus, a sub-group transition from O10- to O9-type struc-
ture is observed for R ¼ Bi when Fe concentration increases
from 50% to 100% unlike R ¼ Y or Sm.

The rened lattice parameters for the mullite-type
compounds are listed in Table S3 (ESI†). The unit cell volume
as a function of Fe concentration for R ¼ Y (blue solid circles),
Sm (red solid squares), and Bi (black solid triangles)
compounds are depicted in Fig. 3. In general, the unit cell
Fig. 2 (a) XRD patterns of R ¼ Bi for 100% Mn (black), 50% Fe/50% Mn
(red), and 100% Fe (blue), respectively. Respective reference diffraction
data are shown. (b) Experimental (blue), calculated (red), and differ-
ence (grey) patterns for Bi compound with 50% Fe/50% Mn in the
reactants.

This journal is © The Royal Society of Chemistry 2018
volume systematically decreases with the substitution of
a smaller R ions (Y3+ < Sm3+ < Bi3+) in the O10-type phase,
consistent with Vegard's law. Up to 50% Fe in the mullite-type
structure, only a small change in the unit cell volume is
observed. This observation is consistent with that Fe primarily
substitutes for Mn3+ in the square pyramidal (4h) sites and
given similar ionic radii of Fe3+ (0.058 nm) and Mn3+

(0.058 nm),35 cell dimensions do not change signicantly upon
full substitution in these sites. As Fe concentration exceeds 50%
and all Mn3+ have been replaced, Fe must substitute on the
octahedral (4f) sites. We then observed a signicant increase in
unit cell volume for Bi2Fe4O9 (�9%, black solid diamond),
which is attributed to the replacement of smaller Mn4+

(0.053 nm)35 by larger Fe3+ ions (0.065 nm)35 in the octahedral
sites. These results show a distinct R-site dependent phase
behaviour of mullite-type oxides: only Bi is found to form
a stable mullite-type structure at all Mn–Fe compositions. In
order to understand this unique behaviour of Bi compared to Y
or Sm, we study formation enthalpy and electronic structure
using DFT (see Section 4.4 below). Since neither Y nor Sm could
form stable Fe substituted mullite-type structures, we carried
out the XPS and decomposition studies focusing on Bi O10 and
O9-type compounds.
4.2. XPS of Bi2(Mn1�xFex)4O10�d compounds

XPS studies were carried out on Bi2Mn4O10, Bi2Mn2Fe2O10�d,
and Bi2Fe4O9 stable structures to probe whether there are
changes in the oxidation states of Mn and Fe. The measured
and tted XPS spectra of Mn 2p and Fe 2p core-levels are shown
in Fig. 4. The Mn 2p spectrum of Bi2Mn4O10 (Fig. 4a, black) can
be deconvoluted into two peaks at 641.2 eV and 641.8 eV, cor-
responding to the binding energies of 2p3/2 Mn3+ (pink dashed
line) and Mn4+ (blue dashed line), respectively, in good agree-
ment with the literature.36 On the other hand, the Mn 2p
spectrum of Bi2Mn2Fe2O10�d (Fig. 4a, red) exhibits only a single
peak at 641.9 eV, corresponding to the binding energy of 2p3/2
Mn4+.36 No peak corresponding to Mn3+ is found, indicating
that 4h square pyramidal sites are fully replaced by Fe. The Fe
2p spectra for Bi2Mn2Fe2O10�d (Fig. 4b, red) and Bi2Fe4O9
RSC Adv., 2018, 8, 28–37 | 31
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Fig. 4 XPS spectra of (a) Mn 2p core levels in Bi2Mn4O10 (black) and
Bi2Mn2Fe2O10�d (red) samples, respectively. (b) Fe 2p core levels in
Bi2Mn2Fe2O10�d (red) and Bi2Fe4O9 (blue) samples, respectively. The
pink, blue, and green dashed lines show the binding energies for Mn3+,
Mn4+, and Fe3+ signals, respectively.
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(Fig. 4b, blue) is tted to a single peak. The binding energy of Fe
2p3/2 at 710.3 eV (Fig. 4b, green dashed line) corresponds to 3+
oxidation state.36 No peaks corresponding to Fe4+ (712.5 eV)37

are found in either structure. The XPS results are consistent
with Rietveld renement of the XRD results for this sample,
which shows the co-existence of Bi2Mn2Fe2O10 and Bi2Fe4O9.
Mn ions in Bi2Mn2Fe2O10 are exclusively in the 4f sites, i.e. 4+,
and Fe ions occupy the 4h sites, i.e. 3+, while Fe in both sites of
Bi2Fe4O9 have 3+ oxidation state. We further calculated the Fe/
Mn and (Mn + Fe)/Bi ratios of the Bi2Mn2Fe2O10�d sample
following Gesing et al. in order to understand which metal is
enriched on the surface layers.38 The surface Fe/Mn ratio is
found to be 0.73 � 0.13, indicating that the surface is enriched
withMn, while (Mn + Fe)/Bi is found to be 1.61� 0.11 compared
to the formula ratio of 2. These results indicate that the Fe
composition is intrinsic to the bulk phase rather than only on
the surface. Combined XRD and XPS results show that Fe3+ ions
preferentially occupy 4h square-pyramidal and Mn4+ occupy 4f
octahedral sites in Bi2Mn2Fe2O10�d. While in Bi2Fe4O9, Fe3+

ions are distributed in tetrahedral and octahedral sites,
respectively.

4.3. Thermal stability and decomposition reaction of
Bi2(Mn1�xFex)4O10�d

We further carried out TGA-DSCmeasurements of Bi2(Mn1�xFex)4
O10�d compounds to study their thermal stability. 100% Mn
compound, i.e. Bi2Mn4O10, is found to be thermally stable until
32 | RSC Adv., 2018, 8, 28–37
1217 K as reported in our previous work.20 Fig. 5a shows the TGA-
DSC data of calcined Bi2Mn2Fe2O10�d sample heated from room
temperature to 1273 K in air. We observe a clear weight loss in
TGA (Fig. 5a, black) and a corresponding endothermic peak in
DSC (Fig. 5a, red), which may be attributed to the thermal
decomposition of the sample. The temperature associated with
the thermal event is 1142 K, determined from the onset of
weight loss. In order to establish that the observed weight loss
corresponds to thermal decomposition in the sample and to
determine the decomposed product(s) using XRD, wemimicked
the TGA experiment by heating the calcined Bi2Mn2Fe2O10�d

sample in a furnace from room temperature to 1173 K in air
without dwell time at the nal temperature. Note that
a different aliquot of the same sample used in the TGA-DSC
experiment was used here. The XRD pattern of the sample
heated above the decomposition temperature (Fig. 5b, red)
shows no diffraction peak corresponding to the mullite-type
phase (Fig. 5b, purple inverted triangles) when compared to
the XRD pattern of the as-synthesized sample (Fig. 5b, black).
On further examining the diffraction pattern (Fig. 5b, red), we
nd that the mullite-type phase decomposes primarily to
BiFeO3 perovskite along with Bi2O3, Fe2O3, and Mn2O3

secondary phases; no reections corresponding to the BiMnO3

perovskite phase are found. Based on the decomposed
products, we propose the decomposition reaction for
Bi2Mn2Fe2O10�d compound in eqn (2):

Bi2Fe2Mn2O10�dð. 1142 KÞ ¼ BiFeO3 þ 1

2
Bi2O3 þ 1

2
Fe2O3

þMn2O3 þ ð1� dÞ
2

O2

(2)

Attributing the weight loss in TGA at 1142 K (Fig. 5a, black) to
the oxygen loss upon decomposition, we nd d ¼ 0.6. When
compared to the decomposition temperature of Bi2Mn4O10,
incorporation of 50% Fe in the mullite-type structure lowers the
thermal stability by �75 K. Moreover, in contrast to Bi2Mn4O10,
where only binary oxides were found upon decomposition,20 the
formation of BiFeO3 perovskite is found in Bi2Mn2Fe2O10�d

decomposition. Note that this sample exhibits a second thermal
event at �1190 K, which has no associated weight loss. Having
two decomposition temperatures are consistent with the
sample having two phases: the mixed Fe–Mn O10 phase
decomposes at lower temperature and the Fe O9 phase
decomposes at higher temperature (see below).

Heating the already calcined Bi2Fe4O9 sample from room
temperature to 1273 K in the TGA-DSC experiment results in
a small weight loss (Fig. 5c, black) along with an endothermic
peak (Fig. 5c, red), which may correspond to the thermal
decomposition of Bi2Fe4O9 phase. The weight loss at this
temperature (Fig. 5c, black) is small compared to Bi2Mn2Fe2-
O10�d sample, 0.05% vs. 0.8% (Fig. 5a, black). To investigate this
transition, we heated the calcined Bi2Fe4O9 sample from room
temperature to 1273 K in air without dwell time at the nal
temperature. The XRD pattern (Fig. 5d, red) conrms the
thermal decomposition of the Bi2Fe4O9 as no characteristic
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a, c) Zoom in view of TGA (black) and DSC (red) curves of Bi2Mn2Fe2O10�d and Bi2Fe4O9, respectively. (b) XRD patterns of as-synthesized
Bi2Mn2Fe2O10�d (black) and decomposed (red) samples, respectively. (d) XRD patterns of as-synthesized Bi2Fe4O9 (blue) and decomposed (red)
samples, respectively. Respective reference diffraction data are shown. Purple inverted triangles represent the two most intense reflections (121)
and (211) of mullite-type phase.
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reections of mullite-type phase (Fig. 5d, purple inverted
triangles) are found when compared to the diffraction pattern of
the as-synthesized sample (Fig. 5d, blue). The decomposition
results primarily in the formation of the BiFeO3 perovskite
phase along with Bi2O3 and Fe2O3 secondary phases. We
therefore propose the decomposition reaction for Bi2Fe4O9 as
given in eqn (3):

Bi2Fe4O9 ð. 1227 KÞ ¼ BiFeO3 þ 1

2
Bi2O3 þ 3

2
Fe2O3 (3)

As eqn (3) shows, this decomposition reaction does not
release oxygen, consistent with very small weight loss observed
in TGA. One possibility is that the decomposition may be
caused by the vaporization of Bi2O3 which is reported to occur
above 1100 K, thus resulting in a small weight loss during
decomposition.39,40 The second possibility is the creation of
oxygen vacancies in the decomposed Bi2O3 and Fe2O3 as shown
in the DFT calculations (Section 4.4.3); the small amount of
oxygen loss (0.03 oxygen atom) during decomposition can be
attributed to the creation of oxygen vacancies in the decompo-
sition products. These results show that Bi2Mn4O10 and
B2iFe4O9 are thermally more stable than Bi2Mn2Fe2O10�d. To
explain the experimentally observed differences, we present
DFT calculation results below.
4.4. DFT calculations

4.4.1. Formation enthalpy. To elucidate the role of R-site
elements on mullite-type phase formation, we used DFT
This journal is © The Royal Society of Chemistry 2018
modelling to calculate the formation enthalpy of compounds
with varying Fe/Mn ratios. Ground state structures are obtained
by examining various Fe substitution congurations in a single
unit cell. In our simulation, less negative formation enthalpy
indicates that the structure is energetically less favourable.
Therefore, we could identify the most stable structure by
examining the structure with the most negative formation
enthalpy. The change in formation enthalpy with respect to
R2Mn4O10 (DH) for R ¼ Y (Fig. 6, blue open circles), Sm (Fig. 6,
red open squares), and Bi (Fig. 6, black open triangles) O10-type
compounds is found to monotonically increase with Fe content
in the structure. For low Fe concentration (x < 0.6), DH is small
(�0.1 eV at x¼ 0.5) indicating stable mullite-type structures can
be formed independent of R-site elements. This is due to Fe
substitution into the 4h pyramidal sites being more stable than
the substitution of Fe into the 4f octahedral sites. Although the
simulation indicates that stable mullite-type structures can be
formed for R ¼ Y, Sm, or Bi with 50% Fe and 50% Mn in the
reactants, experimentally pure mullite-type phases could only
be formed for Bi (Fig. 2a, red), not for Y (Fig. 1a, red) and Sm
(Fig. 1b, red). As the Fe concentration increases past x ¼ 0.6,
a stronger dependence on the R-site element is seen, along with
a large change in the formation enthalpy indicating that the
O10-type structure becomes less stable. Since all 4h sites are
occupied, a further increase in the Fe concentration forces the
remaining Fe into the 4f octahedral sites. Consequently, the
structure becomes unstable as Fe in the octahedral site of the
O10-type structure is 4+ with a large Jahn–Teller distortion.
Thus, a sub-group transition occurs as Fe increases to 100%
RSC Adv., 2018, 8, 28–37 | 33
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Fig. 6 Calculated change in formation enthalpy for R2(Mn1�xFex)4-
O10�d O10-type compounds for R ¼ Y (blue open circles), Sm (red
open squares), and Bi (black open triangles) with increasing amount of
Fe in the structure. Bi2Fe4O9 (x ¼ 1) O9-type phase is also stable and
shown as black open diamond.
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(Fig. 6, black open diamond). Consequently, the octahedral
site's charge state is reduced, hence allowing Fe3+ substitution
in the chain, consistent with XPS result (Fig. 4b, blue) where
only Fe3+ was found. Additionally, the reduction in O content
leads to changing fromMO5 square pyramidal (Fig. S1b, ESI†) to
MO4 tetrahedral units (Fig. S1c, ESI†). We further summarize
the obtained ground state structure and lattice parameter for (Y,
Sm, Bi)2(Mn1�xFex)4O10�d O10-type and Bi2Fe4O9 O9-type
compounds in Table S3 (ESI†). The calculated lattice parame-
ters, hence unit cell volumes (Fig. 3, open symbols), are found to
increase with an increase in Fe incorporation in the mullite-type
structure and are in good agreement with the experimental
values.

4.4.2. Electronic structure. We calculated the electronic
structures to elucidate why (1) Bi2Fe4O9 (O9) is stable while
Bi2Fe4O10 (O10) is not, and (2) why mullite-type structure forms
over the entire Mn–Fe compositions only when R ¼ Bi.
Fig. 7 Projected-DOS of Bi in (a) Bi2Mn4O10 (O10) and (b) Bi2Fe4O9 (O9).
type (right) structures. (d) Projected charge distribution of sp-hybridization
in the same isosurface for detailed comparison). (e) Projected-DOS for R
and R2Fe4O9 (as a representative of O9-type structures). Each figure is l

34 | RSC Adv., 2018, 8, 28–37
To answer the rst question, we show the Fe and Mn density
of states (DOS) in both 4f octahedral and 4h tetrahedral sites for
O9 and O10-type structure in Fig. S4 & S5 (ESI†). We found that
Fe4+ in the 4f octahedral sites of O10-type structure causes large
Jahn–Teller distortion, which results in mid band-gap empty
states, thus violating Hund's rule through the exchange inter-
action. This does not occur in the O9-type structure. Therefore,
the Bi2Fe4O10 O10-type structure becomes unstable.

Although Y, Sm, and Bi are all in 3+ oxidation states, mullite-
type structure is found only for R ¼ Bi compounds at high Fe
concentrations, indicating Bi mullite-type compounds have
lower structural destabilization with increasing Fe substitution
compared to other R-site compounds. In order to understand
this phenomenon, we considered the R-site contribution to the
electronic structure. In Fig. 7a & b, the projected-DOS of Bi in
stable O10 and O9-type structures, respectively are illustrated.
Signicant sp orbital hybridization for Bi is observed in O9-type
(Fig. 7b) near the Fermi level. Bi–O sp-antibonding states near
the Fermi surface hybridizing with Bi p-electrons help stabilize
the crystal structure.41 Such hybridization is only limited to near
the Fermi level in the O10-type structures (Fig. 7a) due to the
high oxidation state of Bi in the local crystal elds. In contrast,
due to the shi of p and s orbitals towards the Fermi level in the
DOS, more p-electron contribution is found in the hybridization
below the Fermi surface in the O9-type structure (Fig. 7b). This
is shown by the almost identical and overlapping s and p
orbitals right below the Fermi level. As shown in Fig. 7c, we nd
that excessive p-electrons promote sp hybridization, which
further stabilize Bi orbital energy. The outcome of the enhanced
sp hybridization is shown to be the directional polarization of Bi
electrons (Fig. 7d). In this case, a repulsive force between the Bi
atoms could be introduced, thus maintaining the structure's
framework along the ab-plane. The polarization resulted in
elongation of the crystal lattice in a–b direction (Bi–Bi length
was prolonged from 0.37 nm to 0.42 nm) further facilitate Fe
forming MO4 tetrahedral polyhedral without any distortion.
(c) Scheme of Bi–O bonding orbital energy levels in O10 (left) and O9-
in O10 andO9-type structures (the two-charge distribution are drawn
¼ Y and Sm in R2Mn4O10 (as a representative of O10-type structures)

abelled according to the species and its corresponding structures.

This journal is © The Royal Society of Chemistry 2018
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Unlike Bi, electronic structures of Sm and Y compounds
(Fig. 7e) show that the extra charge from the O10 to O9-type
transition would ll up 4d orbital in Y and the 4f orbital in
Sm. These orbitals are compact and do not hybridize, thus
failing to form the necessary directional polarization that is
required to maintain a stable structure. Hence, Y and Sm
cannot form stable O9-type phase while Bi can. Since O10-type
is unstable due to the Jahn–Teller distortion of Fe4+ at high Fe
content and no sp hybridization exists to stabilize the O9-type
structure, compounds with R ¼ Y or rare earth elements do
not form mullite-type structures at these temperatures.

4.4.3. Thermal stability. The effect of R-site elements on
the thermal stability of mullite-type compounds is further
examined by calculating the decomposition temperature as
a function of Fe. For R ¼ Y (Fig. 8a, blue open circles), Sm
(Fig. 8b, red open squares), and Bi (Fig. 8c, black open triangles)
O10-type show similar trend where the decomposition
temperature decreases with increase in Fe concentration. For
example, Bi2Mn2Fe2O10�d has lower decomposition tempera-
ture compared to Bi2Mn4O10 (1150 K vs. 1213 K) in agreement
with experimental result (1142 K vs. 1217 K) as shown in Fig. 8c
(black solid triangle). However, simulations reveal that different
R-site elements yield different decomposition temperature for
the same amount of Fe in the structure. For example, at x ¼ 0.5,
the stable temperature limit for Y and Sm is predicted to be
1358 K (Fig. 8a, blue open circle) and 1346 K (Fig. 8b, red open
Fig. 8 Simulated decomposition temperature as a function of Fe for (a) R
Sm O10 (red open squares) and O9-type (red open pentagons). (c) R ¼
experimental O10 (black solid triangles) and O9-type (black solid diamo
employed. (d) Thermal stability diagram of Bi2Fe4O9 showing the stable
the decomposing products corresponding to BiFeO3 (black), Bi2O3 (red)

This journal is © The Royal Society of Chemistry 2018
square), respectively. Experimentally, the compound with R ¼ Y
and equal Fe and Mn in the reactants (although not pure
mullite-type phase) is found to be thermally stable up to 1358 K
and decomposes primarily to YFeO3 along with Y2O3, Fe2O3,
and Mn3O4 secondary phases (Fig. S6a & b, ESI†). On the other
hand, Bi has a lower thermal stability of 1150 K (Fig. 8c, black
open triangle) when compared to Y and Sm for the same
amount of Fe (50%), which is consistent with the experimental
result (Fig. 8c, black solid triangle).

As we further increase the Fe concentration (x $ 0.6), the
decomposition temperature of O10-type structure falls below
the calcination temperature (Fig. 8a–c, pink dashed line).
Consequently, the O10-type structure cannot be formed for all
R-site elements studied in this report. Thus, combined experi-
mental and theoretical results show that the thermal stability of
O10-type structures decreases with increasing Fe concentration.
With respect to the calcination temperature used in this report
(1073 K), the substitution limit for Fe in R ¼ Y and Sm O10-type
compounds are predicted to be x # 0.6. However, simulation
predicts O10 structures, if formed, to have higher thermal
stability for Y and Sm than Bi compound.

Considering the thermal stability of O9-type structures, Y
(Fig. 8a, blue open dumbbells) and Sm (Fig. 8b, red open
pentagons) are found to be thermodynamically unstable for all
Fe/Mn ratios. On the other hand, Bi O9-type is calculated to
have a distinct decomposition temperature in Fe rich structures
¼ Y O10 (blue open circles) and O9-type (blue open dumbbells). (b) R¼
Bi O10 (black open triangles) and O9-type (black open diamonds);

nd) are shown. Pink dashed line indicates the calcination temperature
region and decomposition temperature. Yellow solid circle represents
, and Fe2O3 (blue) at 1230 K.

RSC Adv., 2018, 8, 28–37 | 35
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(Fig. 8c, black open diamonds). The decomposition tempera-
ture is found to increase with Fe concentration, but for x < 1, the
decomposition temperature is below the calcination tempera-
ture (Fig. 8c, pink line), hence unable to form O9-type structure.
The decomposition temperature for Bi2Fe4O9 (at x ¼ 1) is
calculated to be 1230 K, which is higher than Bi2Mn2Fe2O10�d

(1150 K) and in good agreement with the experimental result.
Fig. 8d shows the change in total energy as a function of

temperature for Bi2Fe4O9. The solid lines dene the boundaries
where precipitation of the compound begins under the simu-
lated Bi2Fe4O9 calcination conditions. The blue shaded region
(Fig. 8d) represents the phase space where Bi2Fe4O9 is stable in
the system. The upper limit of the stable region is conned by
Fe2O3 (Fig. 8d, blue line) while the lower limit is governed by
Bi2O3 (Fig. 8d, red line) and BiFeO3 (Fig. 8d, black line) phases.
The temperature at which BiFeO3, Bi2O3, and Fe2O3 converge
denes the limit of the Bi2Fe4O9 stable region, predicted to be
1230 K (Fig. 8d, yellow circle), in agreement with the experi-
mental value of 1227 K. Further increasing the temperature will
result in decomposition to BiFeO3, Bi2O3, and Fe2O3 phases, as
in the experimental decomposition products (Fig. 5d, red).

Since the formation enthalpy of Bi2Fe4O9 is �0.6 eV higher
than that of Bi2Mn4O10 (Fig. 6), one would expect the decom-
position temperature of Bi2Fe4O9 to be much lower than that of
Bi2Mn4O10. Examining the stereochemical activity of Bi lone
electron pair also lead to the same conclusion.42 In contrast,
experimentally we observed the reverse, 1227 K for Bi2Fe4O9 vs.
1217 K for Bi2Mn4O10. The reason is that the decomposition
products of Bi2Fe4O9 are also less stable than those for
Bi2Mn4O10, with 0.8 eV per formula unit higher energy. In
addition, examining the stability of oxygen vacancies in Fe2O3,

Bi2O3, and BiFeO3, we nd that these oxygen decient phases
are more stable than their stoichiometric oxides. More oxygen
vacancies are expected in Bi2O3 because its formation enthalpy
only increases by 0.58 eV per unit cell for one oxygen vacancy, vs.
2.78 eV and 2.97 eV increase in the formation enthalpy for one
oxygen vacancy in Fe2O3 and BiFeO3, respectively. Oxygen
vacancy formation in the decomposition products could explain
the observed non-zero weight loss during the decomposition of
Bi2Fe4O9 (Fig. 5c, black), although we cannot rule out the
vaporization of Bi2O3. In Fig. 8d, both Fe2O3 and Bi2O3 were
plotted with small vacancy amounts as required to cause
decomposition. Aer taking into account everything discussed
above, we calculated Bi2Fe4O9 to have a higher decomposition
temperature than Bi2Mn4O10 (1230 K vs. 1213 K), as borne out
by experiments.

5. Conclusions

In summary, we investigated R-site dependent phase formation
and thermal stability of R2(Mn1�xFex)4O10�d compounds. For
the Mn compounds, Y, Sm, and Bi analogues are found to form
pure O10 mullite-type phase with an orthorhombic unit cell.
However, with 50% Fe and 50% Mn in the reactants, only 55%
and 18% of the products when R ¼ Y and Sm consists of (Y,
Sm)2Mn2Fe2O10�d mullite-type phase, respectively, whereas Bi
forms a mixed phase of O10-(Bi2Mn2Fe2O10�d, 54%) and O9-
36 | RSC Adv., 2018, 8, 28–37
(Bi2Fe4O9, 42%) type structures. Furthermore, when the reac-
tants contain 100% Fe, the mullite-type structure completely
destabilizes for Y and Sm, but a sub-group transition to
Bi2Fe4O9 (O9) phase is found for R ¼ Bi. From XPS, we deter-
mine that the Mn and Fe exists in 4+ and 3+ oxidation states in
Bi2Mn2Fe2O10�d, respectively, indicating Mn4+ and Fe3+ are
ordered in 4f octahedra and 4h square pyramids. While in
Bi2Fe4O9, only Fe

3+ is found, consistent with Fe4+ destabilizing
O10-type structure. The thermal stability shows a decreasing
decomposition temperature with increasing Fe concentration in
O10-type structures (1142 K for Bi2Mn2Fe2O10�d vs. 1217 K for
Bi2Mn4O10) while Bi2Fe4O9 is found to decompose at the highest
temperature (1227 K). Our DFT simulation conrms distinctly
different phase behaviors among R ¼ Y, Sm, and Bi compounds
as observed experimentally and predicts Fe substitution limits
for R ¼ Y and Sm for the formation of mullite-type structure to
be x < 0.6. The R-site dependent phase behaviors arise from the
combination of unstable Fe4+ Jahn–Teller distortion in MO6

octahedra and orbital hybridization of R-site element. While Fe
inevitably destabilizes the O10-type structure with increasing Fe
concentration, we nd that the directional sp orbital hybrid-
ization in Bi effectively stabilizes the O9 mullite-type structure.
Y and rare earth elements do not have sp hybridization, and
hence are unable to form O9-type structure. Our work provides
a fundamental understanding for the unique phase behavior of
Bi Mn–Fe mullite-type compounds previously reported in the
literature without explanation.
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